Air-cored, photonic band-gap crystal fibers exhibiting low nonlinearity and anomalous chromatic dispersion in spectral ranges inaccessible to conventional fibers can be used in the realization of allfiber-format pulse compressors with unprecedented peak powers and wavelength diversity. Linear compression of inherently chirped and prestretched pulses by factors ranging from 20 to 80 around 1.0 and 1:5 m have allowed generation of pulses as short as 163 fs. The results show that totally integrated femtosecond fiber laser sources can be realized throughout the visible and near-infrared and point to the possibility of megawatt peak and tens of watt average in-fiber power levels.
The traditional technique of chirped pulse amplification [1] widely used in conjunction with ultrashort pulse laser sources, such as self, or Kerr-lens, mode-locked systems [2] , has given rise to a versatile scheme that has revolutionized high power pulsed laser applications and led to the concept of the terawatt solid state laser. Applications of such sources range from extreme ultraviolet generation via multiphoton effects and attosecond x-ray production to materials machining and ablation.
In the past few years significant advances in the field of high average power fiber lasers have become possible through the introduction of multiple clad geometries and the invention of parallel pumping techniques, such that single-transverse mode output power in excess of 400 W [3] is available from commercial fiber sources. In fiber sources, ultrashort pulse generation has primarily tended to be based upon passive, soliton shaping techniques, and the associated anomalous dispersion has required wavelength operation above 1:27 m for silicabased fiber. While soliton shaping itself places severe requirements on pulse power, the presence of inherent nonlinearity in standard and dispersion compensating fibers generally negates high peak power operation and has severely inhibited advancement and application of all-fiber chirp pulse amplification schemes [4] . However, through deploying bulk, low nonlinearity elements in conjunction with fiber-based gain media around 1 m, the potential of fiber-based chirp pulse amplifiers has been indicated by the demonstration of 400 fs pulses at an average power of 76 Wand a repetition rate of 75 MHz [5] .
Recently, a new medium, photonic crystal fibers (PCFs) with an air-guiding core has been designed and demonstrated [6 -8] . Diffraction off the crystal-like structure surrounding the air-core gives rise to transmission of a specific wavelength band, and, since the air-core dominates the transmission, the effective nonlinearity of the fiber can be decreased by several orders of magnitude in comparison to conventional silica-based structures, as has been experimentally verified [9] . The band-gap associated spectral transmission of air-core PCF gives rise to a significant waveguide dispersion which results in a zero of the group-velocity dispersion within the transmission band and in strong anomalous dispersion to the longer wavelength side of the band gap. Reduction in nonlinearity and the ability to program the fiber design to achieve anomalous dispersion in the visible and near-infrared spectral regions make the air-core PCF ideal fiber-format medium for compression of high power chirped pulses, and should allow application of the principle of chirped pulse amplifiers to all-fiber-format femtosecond sources in the near-infrared and visible spectral regions.
All-fiber compressors incorporating air-core PCFs for pulse chirp amplification are of considerable current interest both for commercial and laboratory applications [10] . Clearly, the air-core fiber can also be used as a replacement for a grating pair in hybrid, bulk-fiber chirped pulse amplification configurations [11] . We note that inert gas filled hollow core conventional fibers and capillaries, without band-gap properties, were previously used for spectral chirping of pulses due to the Kerr nonlinearity of the gas and related self-phase modulation [12] ; the subsequent compression of such pulses to a few femtoseconds could be realized with bulk dispersion compensation elements. However, this approach is conceptually different from utilizing the linear dispersion properties of photonic band-gap fibers and requires sophisticated management and retaining of filling gases in the capillary core.
Here we propose a concept and demonstrate the principle of totally fiber integrated femtosecond laser sources by the realization of all-fiber compression of inherently VOLUME 93, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S week ending 3 SEPTEMBER 2004 chirped and prestretched optical pulses in the two most commonly used spectral regions, around 1 and 1:5 m, corresponding to the gain bands of ytterbium and erbium-doped fiber amplifiers, respectively. The results indicate that the technique can be widely applied to all wavelength ranges where anomalously dispersive, airguiding photonic band-gap fibers can be designed and manufactured and point the way to a new family of wavelength versatile, all-fiber-based short pulse sources.
We designed samples of two types of air-core photonic band-gap fiber: PCF1 with a transmission band in the near-infrared range [ Fig. 1(a) ] and PCF2 in the infrared [ Fig. 1(b) ], centered around nominal wavelengths of 1.0 and 1:5 m, respectively. The fibers were produced by using the stack and draw method. The core diameter of PCF1 is 10:5 m, the air-filling ratio is over 85%, attenuation is lower than 0:1 dB=m, and the guiding band gap is about 100 nm wide [ Fig. 1 ] by using a phasedelay technique and found it to be of the order of 1000 ps=nm km. In the near-infrared band gap PCF1, a value of anomalous dispersion of around 25 ps=nm km was measured by observing the temporal broadening of short pulses occurring in the fiber. High dispersion slopes were observed [ Fig. 1(b) ] being related to the dominant waveguide contribution and need to be accounted for in compressing optical pulses from each specific wavelength fiber source. To realize all-fiber integrated femtosecond pulse compression in the PCFs, we developed a splicing technique where a standard single-mode silica-core fiber can be fusion spliced to the PCF so as to keep the single spatial mode propagation and to minimize the launching loss. The splices of the PCF1 and PCF2 type fibers with standard single-mode fibers had losses below 0.5 dB and were limited by the mode mismatch between the PCF and the single-mode fiber. This includes the loss due to Fresnel reflection at the interface of the silica core of the standard fiber and the air core of the PCF.
Temporal compression of optical pulses from a fiber laser in the spectral region of normal dispersion of silica can be readily achieved in an anomalously dispersive aircore PCF. Indeed, high intensity pulsed fiber sources based on Yb or Nd doped silica fibers can allow the production of pulses with inherently well defined positive, linear frequency chirp across the temporal pulse envelope. Providing the air-core PCF possesses a correct amount of anomalous dispersion, the group delay between the pulse spectral components can be altered, leading to temporal compression of the pulse. To demonstrate this, we designed and built a source of chirped pulses based upon an all-fiber passively mode-locked ring Yb fiber laser with nonlinear polarization evolution with spectral gain and pulse duration control. With normally dispersive conventional fiber in the loop, the laser produced strongly chirped 3.6 ps output pulses with a 16 nm broad spectrum [ Fig. 2(a) ]. This train of pulses at a repetition rate of 29 MHz had an average power of 24 mW, peak power of 229 W, and energy of 0.83 nJ per pulse. Assuming a linear frequency chirp and a Gaussian temporal profile, the 3.6 ps long pulses with 16 nm broad spectrum should experience temporal compression down to transformlimited pulses of 78 fs duration [ Fig. 2(b) ].
We verified the efficiency of compression by launching the 3.6 ps pulses in a 10 m long section of the air-core PCF1. Air-core PCFs have considerable birefringence due to the asymmetries created during the drawing process. Therefore, we took measures to control the polarization state of the pulses launched in PCF1 so that only a single polarization eigenmode was excited and the influence of the polarization-dependent dispersion would not affect the temporal pulse compression. By using a polarization controller we could set the extinction ratio between the eigenpolarization modes launched to the PCF1 to about 1:100. In order to adjust the total dispersion of the compressing fiber spliced to the fiber laser output, various lengths of the standard fiber with a dispersion of ÿ35 ps=nm km around 1050 nm were added before the PCF. The results of the compression during the cutback experiment where the length of the standard fiber was varied are presented in Fig. 2(b) . The highest compression ratio of 22 and the shortest pulse duration of 163 fs were achieved with 7.8 m of standard fiber in front of the 10 m long PCF1. This result shows that the minimal pulse duration is approximately 2.1 times that ideally expected from compression of a transform-limited Gaussian pulse of the same spectral width. The second harmonic autocorrelation traces of the launched 3.6 ps and compressed 163 fs pulses are shown in Fig. 3(a) . Approximately 56% of energy was contained in the compressed pulse with the rest being in residual pulse wings. This indicates a fairly good chirp linearity in the input pulses from the Yb laser but also points at the presence of nonlinearly chirped spectral components in the initial pulse and at nonmatching dispersion slopes of the airguiding PCF1 and standard fiber. Taking into account the fiber attenuation, splice loss, and the residual power in the pedestal, the temporal compression led to the enhancement of the peak power of the optical pulses from 229 W to about 1.56 kW. We measured the spectrum of the output 1.56 kW peak power pulses and observed no new spectral components that could be associated with the PCF nonlinearity [ Fig. 3(b) ]. This reinforced the assumption that the residual pedestal of the compressed pulse did not relate to Kerr-nonlinearity-induced self-phase modulation in the air-guiding PCF. The result obtained with PCF1 points to a possibility of scaling the peak power of the compressed pulses at least by 1000% in an entirely fiber integrated format. This, for example, can be envisaged by employing all-fiber integrated, multimode diode pumped singlemode amplifiers, which are readily commercially available. In such amplifiers, silica-core diameters can be as large as 17-20 m and yet single-transverse mode guiding can be maintained. Simultaneously, efficient fiber integrated pumping and the use of high concentration doping with Yb rare earth ions mean that the active fiber lengths of these amplifiers can be reduced to a few meters. This opens a possibility of increasing the input peak power from pulsed fiber sources similar to that demonstrated here to 5-10 kW without hitting the fiber nonlinearity thresholds. After compression in air-guiding PCFs, the peak power of femtosecond pulses should reach 0:2 MW without additional complications. Before the invention of anomalously dispersive air-guiding PCFs such peak power levels could not be envisaged nor achieved in single spatial mode, all-fiber integrated configurations.
As another example of the temporal compression in air-guiding PCFs in all-fiber integrated format, we have developed a source of positively chirped pulses in the 1:55 m region and achieved significant temporal pulse compression in the anomalous dispersion spectral region of the air-core PCF2. The source consisted of a telecom grade fiber integrated, continuous-wave, single longitudinal mode, semiconductor laser that was modulated at a repetition rate of 50 MHz in a lithiumniobate fiber-pigtailed Mach-Zehnder modulator. The 40 ps pulses out from the modulator were amplified in a 100 mW average output power erbium-doped fiber amplifier and launched into 4 km of conventional optical fiber possessing normal group-velocity dispersion of ÿ1:7 ps=nm km at the operating wavelength of 1548 nm. The interplay between self-phase modulation and normal dispersion in the fiber led to the generation of 85 ps pulses with a spectrum spanning over 7.5 nm [ Fig. 4(a) ]. In the spectrum, we observed a pronounced modulation which results from interference within the optical pulse and is a characteristic of Kerr-nonlinearity-induced self-phase modulation, while the squarelike temporal shape is typical of pulses with a linear chirp profile. If we assume a complete chirp linearization to take place during propagation in the normally dispersive fiber, the spectral delay within the pulse can be estimated as ÿ11:3 ps=nm.
As the PCF was fusion spliced to a conventional, solidsilica fiber, the chirped pulses were launched into the PCF2 with no bulk optical coupling elements. The net PCF2 loss was 2.2 dB including the splice loss. Similar to PCF1, PCF2 was birefringent, and therefore a fiber polarization controller was employed to ensure that the pulse polarization was aligned along a principal axis of the fiber. This procedure ensured that the highest quality achievable pulse compression was obtained with the additional advantage that the output pulses were linearly polarized. The power in the cross polarization was suppressed to less than 5%. The PCF2 dispersion and dispersion slope at the pulse wavelength were approximately 960 ps=nm km and 25 ps=nm 2 km (Fig. 1 ). Figure 4 (b) shows a result of the pulse compression in PCF2. The relatively long input pulse was measured in a streak camera while the output compressed pulse measurement was undertaken with the autocorrelator. The autocorrelation trace corresponded to 960 fs pulses in the assumption of a squared hyperbolic-secant intensity profile. The pulse duration is, therefore, compressed to 1.1% of its original value. In the examples above, no pulse spectral distortion was observed due to the propagation in the PCF2. The dramatic pulse compression observed is accompanied by a pulse amplitude increase, and a pulse peak power in excess of 3 kW was measured when a 1 W output power erbium-doped fiber amplifier was inserted between the pulse source and the PCF. Peak powers of at least tens of kilowatts are possible through the use of an amplifier that yields higher output powers. Very similar compression rate and output pulse profile were obtained with the pulses launched in the other principal axis of PCF2. However, due to the different dispersion, the pulse wavelength in this case had to be shifted by 2.3 nm towards longer wavelength for optimum pulse compression to be achieved.
The small pulse shoulders visible in the autocorrelation [ Fig. 4(b) ] and the inability to further compress the pulses, despite the spectral bandwidth corresponding to less than 500 fs duration pulses, are the consequences of the nonlinear frequency chirp present in the pulse. This chirp relates to incomplete chirp linearization in the pulsed fiber source and to the high PCF2 dispersion slope. Further compression can be performed by increasing the conventional fiber length in the pulsed source and by a proportional increase of the PCF length, and also by the specific design of the PCF dispersion profile. The latter can be achieved by variation of the air-core crosssectional profile or the hole diameter to pitch ratio in the cladding [13] . More insight into the efficiency of the compression can be acquired by employing a number of phase sensitive pulse detection techniques.
The temporal compression method we demonstrated can be applied to any pulsed fiber source with a linear frequency chirp regardless of the origin of the chirp. This means that all-fiber femtosecond configurations can be realized either above or below the zero dispersion wavelength of silica covering its entire transmission range. This can greatly extend spectral diversity of ultrashort pulsed fiber sources beyond the traditional discrete ranges covered by solid state and dye femtosecond lasers. Despite the moderate average power levels we demonstrated in this work, considerable power scaling should be possible due to the advances in fiber amplifier technology. Similarly, minimum pulse durations can be reduced through improvements and modifications to the dispersion slope of the photonic crystal fibers at the design stage. In this case, peak powers in a megawatt range can be generated.
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